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• Use of the mechanical energy 
equation gives better estimate of 
power dissipation.
• Net flow has a non negligible
influence on power density at low
velocity ratios.
• Empirical models for power density 
are still not valid for ail operating
conditions.
• Dimensionless power curve is a
useful design tool for predicting
power density.GRAPHICAL ABSTRACT 
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Continuous oscilla tory baffled reactors ( COBRs) have been proven to intensify processes, use less energy 
and produce fewer wastes compared with stirred tanks. Prediction of power consumption in these 
devices has been based on simplistic models developed for pulsed colurnns with single orifice baffles sev 
eral decades ago and are lirnited to certain flow conditions. This work explores the validity of existing 
models to estimate power consumption in a COBR using CFD simulation to analyse power density as a 
function of operating conditions (covering a range of net flow and oscillatory Reynolds numbers: 
Re,,.,= 6 27 /Re0 = 24 96) in a COBR with a single orifice baffle geometry. Comparison of computed 
power dissipation with that predicted by the empirical quasi steady flow models shows that this model 
is not able to predict correctly the values when the flow is not fully turbulent, which is common when 
operating COBRs. It has been demonstrated that dimensionless power density is inversely proportional 
to the total flow Reynolds number in laminar flow and constant in turbulent flow, as is the case for flow 
in pipes and stirred tanks. For the geometry studied here (P /V)' = 330/Rer in larninar flow and 
(P/V)' = 1.92 in turbulent flow. 1. Introduction
The development of green and sustainable technologies is of 
prime importance for the chemical and process industries due to the increasing soàal and environmental concerns. One of the major 
challenges that these industries currently face is the creation of 
innovative processes for the production of commodity and inter 
mediate products that allow high product quality with speàfied 
properties and that are Jess polluting, as well as more efficient in 
terms of energy, raw materials and water management. 
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Fig. 1. Schematic of a continuous oscillatory baffled reactor with a standard single 
orifice plate geometry. 
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ro oscillation angular frequency ( rad s 1) Continuous oscillatory bailled reactors (COBRs) have been pro 
ven to globally intensify processes, Jeading to processes that use 
Jess energy and produce fewer wastes (Phan et al., 2011; Reis 
et al., 2006). An example of a COBR with single orifice bailles is 
shown in Fig. 1. Due to the combination of a net flow and pulsa 
tions, and the interaction of this flow with bailles, these reactors 
offer interesting advantages over traditional mixing processes per 
formed in stirred tanks, such effective mixing, mass and heat trans 
fer in laminar and transitional flow (Mackley and Stonestreet, 
1995; Ni et al., 2000; Stephens and Mackley, 2002), as well as plug 
flow with long residence times in compact geometries (i.e. reduced 
length to diameter ratio tube) (Harvey et al., 2001). These charac 
teristics have been shown to be beneficial for liquid liquid reac 
tions (Lobry et al., 2014; Mazubert et al., 2015), polymerisation processes (Ni et al., 2001, 1999) and crystallization processes (Ni 
et al., 2004; Lawton et al., 2009; Agnew et al., 20171 amongst 
others. 
Continuous oscillatory flow in COBRs is characterized by differ 
ent dimensionless numbers, such as the net flow Reynolds number 
(Ren,rl, oscillatory Reynolds number (Re0 ), Strouhal number (St),
and velocity ratio (,f,), which are defined as: 
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In Re0 , the characteristic velocity is the maximum oscillatory 
velocity and has been used to describe the intensity of mixing in 
the COBR. Stonestreet and Van Der Veeken (1999) identified differ 
ent flow regimes: for Re0 < 250 the flow is essentially 2 
dimensional and axi symmetric with Jow mixing intensity; for 
Re,, > 250 the flow becomes 3 dimensional and mixing is more 
intense; finally, when Re0 > 2000, the flow is fully turbulent. The 
Strouhal number measures the effective eddy propagation with 
relation to the tube diameter. Higher values of St will promote 
the propagation of the eddies into the next baille (Ahmed et al., 
2017). The most common range of the Strouhal number used in 
the literature is 0.15 <St< 4 (Abbott et al., 2012i However, this 
may not necessarily be the best operating range for processes, 
e.g. Mazubert et al. (2014) observed a decrease in the conversion of
waste cooking oil into methyl esters for St > 0:1. The velocity ratio,
w, describes the relationship between the oscillatory and net flow.
It is typically recommended to operate at a velocity ratio greater
than 1 to ensure that the oscillatory flow dominates the superim
posed net flow (Stonestreet and Van Der Veeken, 1999). This ratio
has been largely used to describe plug flow behaviour in the COBR.
In industrial processes, one important parameter to be consid
ered is the energy dissipation rate or power density, since it influ
ences mixing performance, mass and heat transfer, and scale up
guidelines. The energy dissipation rate in oscillatory flows can be
characterised by the time averaged power consumption over an
oscillation period divided by the volume of the fluid. Experimen
tally, power density is determined by pressure drop measure
ments. In practice, pressure transducers are most often installed
in the pipes upstream and downstream of the COBR, thereby
encompassing fittings, bends and valves and hence making it diffi
cult to determine the energy dissipation rate in the COBR alone. As
a result, most of the studies on power dissipation in COBRs avail
able in the literature employ empirical models, and only more
recently CFD simulation. CFD is an attractive tool for this type of
analysis since it allows the impact of the exact geometry on power
consumption to be assessed without relying on any adjustable
parameters, as is the case in empirical models. However, there
are different ways to calculate power dissipation using CFD,
including the volume integral of viscous dissipation (in laminar
flow) or turbulence energy dissipation rate (in turbulent flow)
and mechanical energy balances, and the computational ease and
accuracy of each method may differ.
There are two models reported in the literature for estimating
power density in pulsed batch columns and in oscillatory flow in
tubes with no net flow: the quasi steady flow model, QSM
(Jealous and Johnson, 1955) and the eddy enhancement model,
EEM (Baird and Stonestreet, 1995). These models, which assume
high oscillatory velocities and a turbulent flow regime, are the only
ones that have been employed for estimating power dissipation in
COBRs.
The quasi steady flow model (QSM) given by Eq. (5), postulates
that the instantaneous pressure drop in an oscillation period is the
same as the pressure drop that would be achieved in steady state
flow with the same velocity. The model is based on the standard
pressure drop relation across a simple orifice.
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This model has shown to be valid for high oscillation ampli
tudes xo (5 30 mm) and low oscillation frequencies f (0.5 2 Hz).
In turbulent flow, the orifice discharge coefficientðCDÞ varies
between 0.6 and 0.7 for simple orifices with sharp edges. However,
at low Re, it is know that this coefficient is proportional to Re
p
and
varies with the ratio of reactor diameter to orifice diameter, D/d
(Johansen, 1930; Liu et al., 2001). Thus, this limits the application
of the model to OBRs with orifice baffles and specific flow condi
tions. The QSM also assumes that there is no pressure recovery
due to the short distance between orifice baffles. This assumption
has been studied recently by Jimeno et al. (2018) who however
claim that some pressure recovery does take place when the baffle
spacing is 1.5D or greater.
The eddy enhancement model (EEM) is based on acoustic prin
ciples and the concept of eddy viscosity (Baird and Stonestreet,
1995). The model was developed considering the acoustic resis
tance of a single orifice plate, and by replacing the kinematic vis
cosity with the eddy kinematic viscosity at high Reynolds
number. This model, given by Eq. (6), has been shown to be valid
for low oscillation amplitudes xo (1 5 mm) and high frequenciesf (3 14 Hz) values, which is the opposite to the QSM. It also
includes a mixing length lð Þ, which is an adjustable parameter cor
responding to the average travel distance of turbulent eddies and is
expected to be of the same order of the reactor diameter.
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In addition to the empirical nature of the mixing length l, which
is dependent on reactor geometry, Reis et al. (2004) reported that it
is also dependent on oscillation amplitude. This again limits the
use of this model.
It is also pointed out that both models were developed for
pulsed flow in tubes and columns without a net flow (i.e. equiva
lent to batch OBRs) and that they have been used to compare per
formances between classic stirred tank reactors and OBR in
different applications, as bioprocess and crystallization (Abbott
et al., 2014; Ni et al., 2004). However, there is a very limited num
ber of fundamental studies of energy dissipation rate in COBRs,
therefore impeding the validation of these models. To date, only
two studies have been carried out on this subject. Mackley and
Stonestreet (1995) used a correction factor (given by Eq. (7)) in
the QSM that takes into account the power density provided by
the net flow. However, the physical meaning behind this correction
factor remains unclear, making it difficult to use.
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Recently, Jimeno et al. (2018) performed CFD simulations of tur
bulent flow in a COBR with smooth constrictions and determined
the power density via the pressure drop across the reactor for dif
ferent oscillatory conditions. The results were compared with the
values obtained using the QSM and the EEM. They found that the
QSM over estimates power density due to inappropriate values
of geometrical parameters, whilst the EEM provides better agree
ment. Both models were then modified by adjusting the geometri
cal parameters (e.g. nx, CD) and proposing an empirical correlation
for mixing length, as given in Eqs. (8) and (9). The modified models
predict similar power densities for a wide range of operating con
ditions in turbulent and are in good agreement with the authors’
CFD simulations of continuous flow in the COBR. Nevertheless,
these models still include adjustable parameters based on reactor
geometry, so it is expected that the values of these parameters
would need to be modified again if the reactor geometry in par
ticular the baffle design is altered.
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This work uses CFD simulation to compute power consumption
in a NiTech COBR with smooth constrictions for a range of
net flow and oscillatory Reynolds numbers (Renet 6
27=Reo 24 96). In particular, it explores two different ways to
calculate power consumption via viscous energy dissipation
and using a mechanical energy balance, which are generic and
therefore independent of COBR geometry and evaluates them
in terms of computational ease and accuracy. The range of operat
ing conditions covered in the study complements the data recently
obtained by Jimeno et al. (2018) and allows the validity of the QSM
revised by these authors to be assessed.
2. Characterisation of power dissipation
Power dissipation is a key parameter for comparing the perfor
mance of ditferent COBR geometries and operating conditions. In 
the Iaminar flow regime, the power dissipation can be calculated 
by the volume integral of the viscous dissipation:
(11) 
where <l>v is the viscous dissipation function, which represents the 
energy Joss per unit time and volume due to the viscosity (internai 
friction). In Cartesian form, this is given by: 
<l>v 2 
[ (�;f + (�f + (�;f] 
+ ((�) + (:)f + ( (�;) + (0:)f 
+ ((�;) + (�:)f (12) 
Altemately, viscous dissipation can be evaluated using a 
mechanical energy balance. Assuming incompressible flow and 
zero velocity at the wall u 0, and applying Gauss's theorem, inte 
gration of the mechanical energy conservation equation over the 
fluid volume then gives: 
PME = -(:t L ½pu2dV + L (pn · u) dS + L ½pu2(u · n) dS) = L1-14'v dV
1 Tenn 1 1 1 Tenn2 1 1 Tenn3 1 
(13) 
where PME refers to the power dissipation obtained via the 
mechanical energy equation, Term 1 is the rate of increase of 
kinetic energy in the system, Term 2 is the work done by pressure 
on the fluid and Term 3 is the rate of addition of kinetic energy by 
convection into the system. In periodic motion, Term 1 is equal to 
zero over a flow cycle. Term 3 in equal to zero when the flow 
domain is unchanging with time and has an inlet (S1) and outlet 
(Si) with the same area, S.
The average power dissipation in the COBR has been calculated 
by taking the time average of Eqs. (11) and (13) over an oscillation 
cycle, T.
1 r
7 
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(15) 3. NumericaI method
3.1. Geometry and operating conditions 
The geometry studied is the NiTech• COBR, which is a single 
orifice baffled reactor with smooth constrictions, as shown in 
Fig. 2(a). The COBR tube has a diameter (D) of 15 mm with 
7.5 mm diameter orifices (d); the distance between orifices (or 
inter baffle distance), lb, is 16.9 mm. The mode! test section corn 
prised a tube of length (L) 144.5 mm and five orifices. A smooth
reduction at the orifices was modelled to best represent the real 
geometry of the NiTech• glass COBR, as shown in Fig. 2(b). 
The fluid considered in these simulations is a single phase fluid 
with density p = 997 kg/m3 and dynamic viscosity µ 2 x 10-2 Pa 
s. Isothermal conditions were assumed. Table 1 Jists the conditionsused to study the interaction between the oscillatory conditions 
(frequency and amplitude) and net flow, and their influence on 
the power dissipation. The oscillatory frequency was set at 
between 1 Hz and 2 Hz and the oscillatory amplitude was either 
5 mm or 10 mm (i.e. 0.3/b 0.6/b)- These values of amplitude fall 
in the optimal operational range of amplitudes described in previ 
ous studies (Brunold et al., 19 89; Gough et al., 1997; Soufi et al., 
2017). The net flow and oscillatory Reynolds numbers correspond 
ing to these conditions were in the ranges 6 27 and 24 96, respec 
tively, ensuring axi symmetrical laminar flow since it is well below 
the transition to chaotic flow, i.e. for osàllatory Reynolds numbers 
Jess than 250 (Stonestreet and Van Der Veeken, 1999; Zheng et al., 
2007). These flow conditions have enabled the COBR to be mod 
elled as a thin wedge with symmetry boundary conditions on the 
front and back faces, which computational times to be reduced 
drastically. A no slip boundary condition was applied to the inner 
walls of the reactor and the area averaged gauge pressure was set 
to 0 Pa at the outlet. 
The numerical simulations of the flow in the COBR have been 
performed using the commercial package ANSYS CFX 18.2, which 
applies a finite volume discretization based on a coupled solver 
to salve the Navier Stokes equations. 
For incompressible, laminar, Newtonian flow, the transient 
Navier Stokes equations for mass and momentum conservation 
are: 
'v-u 0 (16) â(pu) 
+ 'v . (pu® u)ât 
'vp 
+
'v
. -r: (17) 
The boundary condition at the inlet of the COBR was described 
by a time dependent velocity profile: 
(18) 
where ris the radial position, r (y2 + z2) 
112, and R is the radius of
the reactor and the mean velocity, u, is the sum of the veloàty of the 
net flow and the oscillatory flow given by: 
u u,,,r 
+ 
2nfxosin(2nft) (19 ) 
The convective terms were discretized using a second order 
bounded scheme and the second order backward Euler transient 
scheme was applied. Time steps were chosen to ensure the 
Courant Friedrichs Levy condition of convergence Co < 1 and such 
that the results were time step independent, as detailed in Sec 
tion 3.2. Simulations were considered to be converged when the 
normalized residuals fell below 10-6. 
3.2. Meshing 
A tetrahedral mesh with inflation Jayers was used in ail cases. 
The body size of the mesh and the number of inflation Jayers were 
chosen such that the results were independent of these parame 
ters, as detailed in Section 3.2. An example image of the mesh is 
presented in Fig. 3. 
To ensure the numerical results are independent of the mesh 
density and time step, a detailed sensitivity analysis was carried 
out by studying the effect of ditferent mesh sizes, inflation layer 
parameters and time steps on the results. The axial veloàty, pres 
sure and power dissipation were calculated and compared at the 
monitor points and lines shown in Fig. 4, as well as the total power 
dissipation in one unit cell. Re0 96 and Ren,r 27 were used for 
ail mesh density and time step studies, giving high axial velocity 
and a fast change of flow direction, which typically require a finer 
(a) 
Net flow 
(b) 
Fig. 2. {a) Photograph of the NiTech• COBR and {b) the geometry of the COBR simulated by CFD. 
Table 1 
Simulation conditions proposed 
Case Q(I h 1) f (Hz) Xo (mm) Re., Re0 'I' 
1 22.8 5 27 24 0.9 
2 22.8 1.5 5 27 36 1.3 
3 22.8 2 5 27 48 1.8 
4 22.8 10 27 48 1.8 
5 22.8 1.5 10 27 72 2.7 
6 22.8 1.75 10 27 84 3.1 
7 22.8 2 10 27 96 3.6 
8 5.1 5 6 24 4.0 
9 5.1 1.5 5 6 36 6.0 
10 5.1 2 5 6 48 8.0 
11 5.1 10 6 48 8 .0 
12 5.1 1.5 10 6 72 12.0 
13 5.1 1.75 10 6 84 14.0 
14 5.1 2 10 6 96 16.0 mesh. Details of ail studied meshes and time steps are summarized 
in Table 2. 
The simulations were run for several oscillation periods until 
the difference between the axial veloàties and pressure values at 
different monitor points and lines from one oscillatory cycle to 
the next were small enough to be considered negligible. Once this 
was achieved, it was considered that a pseudo steady state was 
reached and the performance characterization of the COBR was 
then conducted. Fig. 3. Ex.impie of tetrahedral meshTo minimize the effect oftlow upstream and downstream of the 
baffles, the power dissipation was calculated using Eqs. (14) and 
(15) in a single unit of the COBR delimited by lines L1 and U in
Fig. 4 .
In order to evaluate mesh independency, the relative differ 
ences between data were calculated using the mean absolute devi 
ation percent (MADP): 
MADP (20) 
where A, is the actual value and F, is the forecast value, both at time 
t. The results obtained with the finer mesh or smaller time step 
were used as F, in the determination of relative error and values 
obtained with the coarser mesh were used for A,. This method pre 
vents having extremely large relative differences if F, is close to or 
equal to zero, which occurs with other methods, such as the mean 
percentage error (MPE) or mean absolute percentage error (MAPE). 
To study the effect of body mesh size, number of inflation Jayers 
and time step on the numerical results, five different meshes and 
three different time steps were chosen as described in Table 2. 
Examples of the studied meshes are shown in Fig. S. 
Table 3 presents the effect of the body mesh size, inflation Jay 
ers and time step on the axial velocity and pressure values using 
the MADP. The axial velocity and pressure tracked at the monitor  and in0ation layers employed 
LI L2 
1 1 
Net flow MO Ml M3 
Fig. 4. Loc.1tions of the monitor points and lines. MO: tube centerline, 8.45 mm upstream of the first orifice. Ml & Ll: tube centerline, 8.45 mm upstream of the third orifice. 
M2: tube centerline, in the third orifice of the geometry. M3 & L2: tube centerline, at 8.45 mm d ownstream of the third orifice. 
Table 2 
Characteristics of dilferent meshes used for the mesh and tirne step independency study. 
Mesh 2 
lime-step 1 ms 1 ms 
Max. face size (mm) 0.5 0.35 
Max. thickness of inOation layers (mm) 1 
No. inOation layers 8 8 
growth rate 1.1 
Total no. elements 150 165 337 873 
ât (s) 0.001 0.001 
X0 (mm) 10 
J (Hz) 2 
T (s) 0.5 
l T/ât 500 500 
µ(Pa s) 2 X 10 2 
u.., (m/s) 3.59x10 2 
u., .. (m/s) 1.63 X 10 l 
Re0 96 
Re•« 27 
"' 3.6 
3 4 5 4 4 
1 ms 1 ms 1 ms 2 ms 0.5 ms 
025 0.35 0.35 0.35 0.35 
8 16 24 16 15 
719 957 433 986 528 703 433 986 433 986 
0.001 0.001 0.001 0.002 0.0005 
500 500 500 250 1000 
T
Tpoints show excellent mesh independency for the Mesh 2 ( 330 000 
elements) with MADP values dose to 1% with respect to the solu 
tion using Mesh 3 (720 000 elements). Between Mesh 2, 4 and 5, 
the MADP values (below 1%) show that the axial velocity and pres 
sure are already independent of the number of inflation layers with 
Mesh 2 (8 inflation layers). 
The values of power dissipation calculated using Eqs. (14) and 
(15), and the MADP values are presented in Table 4. An increase 
in body mesh density from Mesh 1 to Mesh 2 and Mesh 3 decreases 
the MADP of power dissipation calculated by both methods to Jess 
than 1% for PIID and PME, and therefore shows mesh independency 
with Mesh 2. However, it is important to point out that the ditfer 
ence in power dissipation calculated by both methods Pvo and PME 
is still significant, being approximately 6% for the finest mesh 
(Mesh 3). This suggests that the resolution of the flow close to 
the wall is important for an accurate prediction of power 
dissipation. 
The influence of the near wall resolution (via the number of 
inflation layers) on the power dissipation can be seen in Table 4 
by comparing results for Meshes 2, 4 and 5. The difference in Pvo 
obtained with 16 and 24 inflation layers is very small, therefore 
demonstrating mesh independency for PIID with 16 inflation layers 
(Mesh 4). The values of PME on the other hand show that PME is 
already mesh independent with just 8 inflation layers (Mesh 2). 
The values of PME are higher than those of Pvo and the latter 
increases towards the former when the number of inflation layers 
increases. This suggests that PIID may be under predicted and it 
would be expected that the value of PIID should reach the value cal 
culated by the mechanical energy balance if the mesh is further 
refined near the walls. However, only a slight increase in PIID is 
observed when the number of inflation layers is increased from 
16 to 24. This means that an extremely large number of inflation layers would be required to reach the value of PME, thereby increas 
ing the simulation times and computational costs prohibitively. 
Mesh 4 (0.35 mm body mesh size and 16 inflation layers) was 
used to study the influence of the time step, since it showed mesh 
independency for power dissipation. Three values of time steps 
0.5 ms, 1 ms and 2 ms were used to evaluate mesh indepen 
dency. Table 3 shows that both the axial velocity and pressure 
are independent of time step for a value of 2 ms, with MADP values 
lower than 1%. In Table 4, it can be noticed that Pvo is already time 
step independent at 2 ms, whilst PME only becomes time step inde 
pendent at 1 ms. A time step of 1 ms is therefore considered as the 
minimum time step required for solution independency. 
3.3. Implications for the calculation of PME 
Table 5 presents the time averaged value of PME over one oscil 
lation cycle, as well as the time averaged values of each term given 
in Eq. (13). Term 1 is shown to be sensitive to the time step, while 
erm 3 is sensitive to the mesh size. Term 1 decreases as the time 
step decreases, whilst Term 3 decreases as the mesh size is 
reduced. The influence of the number of inflation layer does not 
show any remarkable influence over the value of any of the three 
terms of the PME equation. Des pite these reductions, it can be seen 
that the values ofTerms 1 and 3 are ten times smaller than that of 
erm 2; however, they do not reach a zero value due to finite 
errors arising from discretisation of the equations. Terms 1 and 3 
represent between 1 and 4% and 4 5% of the total power dissipa 
tion, respectively. As explained in Section 2, Terms 1 and 2 should 
be zero in the current case such that the power dissipation is only 
dependent on the work done by pressure on the fluid. Hence, to 
avoid this numerical error, PME is calculated using only the value 
of Term 2 in the rest of the study. 
(a) (b) 
(c) (d) 
(e) 
Fig. 5. Images of the meshes used for the mesh and time step independency study: (a) Mesh 1, (b) Mesh 2, (c) Mesh 3, (d) Mesh 4, (e) Mesh 5. 
Table 3 
Quantification of the elfect of body mesh, inflation layers and time step on the axial velocity and pressure at different monitor points (MO-M3) with the MADP. 
A,: Mesh 1, 1 ms 
fr: Mesh 3, 1 ms 
Ar: Mesh 2, 1 ms 
f,: Mesh 3, 1 ms 
Ac: Mesh 2, 1 ms A,: Mesh 4, 1 ms Mesh 4 Mesh 4 
f,: Mesh 5, 1 ms fr: Mesh 5, 1 ms Ar= 2 ms Ar= 1 ms 
MO 
Ml 
M2 
M3 
MO 
M1 
M2 
M3 
MADP values (%) - Axial velocity 
o� Qn 
1.02 0.38 
1.78 0.82 
QM Qm 
MADP values (%) - Pressure 
1.04 0.34 
124 0.41 
1.12 1.07 
1.15 0.39 
0.18 
027 
0.13 
023 
021 
023 
021 
022 
f,: 0.5 ms Fr= 0.5 ms 
0.09 0.16 0.03 
0.16 0.14 0.03 
0.09 0.14 0.03 
0.13 0.18 0.04 
0.14 0.23 0.07 
0.12 0.30 0.09 
0.13 0.32 0.09 
0.11 0.29 0.09 4. Results and discussion
Fig. 6 shows the time averaged power density as a function of 
oscillatory Reynolds number for all operating conditions given in 
Table 1. As expected, the power density increases with an increase 
in the oscillatory intensity, i.e. f .x0• The effects of frequency and 
amplitude at constant oscillatory intensity (Re0 48) but different 
net Reynolds numbers are examined by comparing Cases 3 & 4 
(Rener 27, 'V= 1.8) and Cases 10 & 11 (Rener 6, 'V= 8 ). For both 
Ren,o slightly higher values of power density were obtained when 
a higher frequency and a lower amplitude are combined. This may 
be explained by the fact that the average power dissipation in oscillatory systems is determined by pressure drop, which includes 
the contribution of both inertial and frictional forces Qealous and 
Johnson, 1955 ). The inertial term involves acceleration, which in 
oscillatory tlow is equal to x.(2n/)2 sin (2n/t). Since frequency is 
squared in this relationship, higher values of average power den 
sity are obtained when higher frequencies are used for a constant 
oscillatory Reynolds number. 
The influence of net tlow can also be studied in Fig. 6 and it can 
be seen that for a given Reo, as the net tlow increases (i.e. the oscil 
latory to net velocity ratio 'V decreases), power density also 
increases. For high values of 'V, the contribution of the net tlow 
becomes insignificant, because the intensity of the oscillatory tlow 
Table 4 
Influence of the body mesh, inflation layer s, time step and power calculation method on power dissipation and MADP values. 
Mesh1,1 ms Mesh 2 ,  1 ms 
Pvm«al (W) 3.51x10 5 3.58 X 10 S 
PMEra<al (W) 3.90 X 10 S 3.85 X 10 S 
Mesh2, 1 ms Mesh4, 1 ms 
Pvm«al (W) 3.58x10
5 3.66 X 10 S 
PMEra<al (W) 3.85 X 10 S 3.86 X 10 S 
Mesh4, 2ms Mesh4, 1 ms 
Pvm«al (W) 3.66 X 10 S 3.66 X 10 S 
PMEra<al (W) 3.78 X 10 S 3.86 X 10 S 
Table 5 
Contribution of the individual terms of Eq. (13) on power dissipation PME. 
Term 1 (W) 
Term 2 (W) 
Term3 (W) 
PME(W) 
Term 1{Term 2 (%) 
Term 3{Jerm 2 (%) 
Mesh 1 Mesh2 
1 ms 1 ms 
-7.38 X 10 7 -7.66 X 10 7 
4.19 X 10 S 4.12 X 10 S 
-2.12 X 10 6 -1.93x10 6 
3.90 X 10 S 3.85 X 10 S 
1.76 1.86 
5.06 4.68 600500 -Revised QSM Eq. (8)DCFD/Re11., = 6oCFD/Re ... = 27400[300
è 
Mesh3 
1 ms 
-7.93 X 10 7 
4.10 X 10 S 
-1.88x10 6 
3.83 X 10 S 
1.93 
4.58 
i:i,. f= 1 Hz 200 100 0 0 f= 1 Hz x0 = 5 mm20f= 1.5 Hzx. = sm 40 Mesh 3, 1 ms 3.61 X 10 S 3.83 X 10 S Mesh 5, 1 ms 3.68 X 10 S 3.85 X 10 S Mesh 4, 0.5 ms 3.67 X 10 S 3.89 X 10 S Mesh4 1 ms -7.71 X 10 7 4.13 X 10 S -1.95x10 6 3.86 X 10 S 1.87 4.72 f=2 Hz x0 = 5mm MADP values (%) A,: Mesh 1, 1 ms F,: Mesh 3, 1 ms 2.771.83 A,: Mesh 2, 1 ms F,: Mesh 5, 1 ms 2.71 0.00 A,: Mesh 4, 2 ms F,: Mesh 4, 0.5 ms 027 2.83 Mesh 5 Mesh4 1 ms 2ms -7.57 X 10 7 -1.49 X 10 6 4.12x10 5 4.13x10 5 -1.95 X 10 6 -1.95 X 10 6 3.85 X 10 S 3.79 X 10 S 1.84 3.61 4.73 4.72 O}f=2 Hz □ x0 = 10mmo} f= 1.75 Hz□ x0 = 10mm f= 1.5 Hz x0 = 10mm60Re0 80 100 120 A,: Mesh 2, 1 ms F,: Mesh 3, 1 ms 0.83 0.52 A,: Mesh 4, 1 ms F,: Mesh 5, 1 ms 0.54 026 A,: Mesh 4, 1 ms F,: Mesh 4, 0.5 ms 027 0.77 Mesh4 0.5ms -3.94 X 10 7 4.13x10 5 -1.95x10 6 3.90 X 10 S 0.95 4.72 
Fig. 6. Power density as function of Re0 • greatly exceeds the contribution of the net flow. This trend can be 
obseived expliàtly in Fig. 7. Whilst at Re0 24, an increase in the 
veloàty ratio from 1 to 4 (by decreasing the net flow), reduces the 
power density by 71 %. At Re0 96, increasing the velocity ratio 
from 4 to 16 only results in a reduction of power density by 12%. 
This result is of interest when operating COBRs in the recom 
mended range of velocity ratios to ensure plug flow operation, 
i.e. 2 <'V< 6 (Stonestreet and Harvey, 2002); in such cases, it
clearly appears to be important to take into account the effect of
the net flow in the average power dissipation.
The power density determined by Eq. (13) was initially corn 
pared with the power density calculated using the quasi steady 
flow mode! given by Eq. (5), since the latter is recommended for 
high amplitudes (5 < x,, < 30 mm) and low frequencies (0.5 < f < 2 Hz). To include the contribution of the net flow in the power den sity, the correction coefficient from Eq. (7) was also used. For ail cases, the power density was overestimated when Eqs. (5) and (7) were used, with extremely high MADP values of 165% for C0 0.7, and 261% for C0 0.6. A similar result has been recentlyreported by Jimeno et al. (2018) for the same NiTech• COBR geometry used here and was explained by the power law dependency onthe number of baffles cells, as well as the use of an inappropriatevalue of the discharge coefficient Co for the smooth geometry ofthe orifice baffles. Jimeno et al. (2018) hence proposed the revisedQSM (Eq. (8)) to better estimate the power density. Fig. 6 also cornpares the power density obtained with the values calculated usingthe revised quasi steady flow mode! (Eq. (8)). The differenœsbetween the current results with the revised QSM predictions
450 
t,. Re0 = 24 400 • Re0= 36350 r 0 Re0 = 48 -300 + • Re0 = 72 �s ;,: 2.50 ◊ Rc0 =84 ;::,200 ! • Re0= 96,,_ 150 -Re.,. = 6 100 f3 ······ Re,,,. = 27 50 t5. 0 0 5 10 15 20 25 Fig. 7. Power density as a function of velocity ratio ( lj,} present a MADP of 35.7%, with a better agreement at lower Rener 
and Re. but still poor agreement at higher Re •. It can also be seen 
that the influence of net flow is not taken into account in the orig 
inal model. 
Fig. 8 compares the power density of the revised quasi steady 
flow mode) (Eq. (8)) with the current simulation results as a func 
tion of Rer as defined by Jimeno et al. (2018). This total Reynolds 
number takes into account the effect of the net flow and the geom 
etry of the COBR and is defined as: 
fJ 
(2n.fxo + u,.,r)pD J!!. µ (X (21) 
(22) 
lbopr is defined as 1.5D, and was proposed by Brunold et al. 
(1989) based on a qualitatively visual analysis of flow patterns. 
Even though this baffle spacing of 1.5D was considered 'optimal' 
and is now the most commonly used value in the literature, reœnt 
studies have demonstrated that the optimal baffle length depends 
on the process objective of interest (Soufi et al., 2017), making a 
single optimal value difficult to define for ail applications and pro 
cesses. For each set of data different curves can now be observed 
because the net flow is being taken into account in Rer and this 
is more consistent with the current results of the simulated power 
density. It appears that the mode) fits the simulated data slightly I.E+06 
I.E+-05 
I.E+-04
Î LE+03 
� 
[ I.E+-02 
I.E+ol 
I.E+OO 
♦ CF0/Re0« = 6 - CFO / Re,oe, = 27 x CFO/Re,,., = 71 (Jimenoetal.(2018)] O CFD/Re0« = 141 [Jimenoetal.(2018)) ······ Revised QSM Eq. (8) /Re,.,. = 6 ---Revised QSM Eq. (8) / Re0., = 27- · Revised QSM Eq. (8) / Reu« = 71- -Rcviscd QSM Eq. (8) / Re,. . = 141 
I.E-01 1.E-01 Fig. 8. Power density abetter at Ren,r 6 than at Ren,r 27, and this can be related to the velocity ratio ranges of each curve. The highest net Reynolds number curve (Ren,r 27) presented the lowest values of 'V (1 <'V< 3.6), which means a more significant influence of the net flow, however this is not taken into account in the determination of power density with the revised quasi steady flow mode 1. Power density as a function of Rer as predicted by the QSM is presented in Fig. 8 and compared with the data of Jimeno et al. (2018) and this work. Their COBR geometry is also a NiTech� single orifice baffled reactor with smooth constrictions, with a tube diameter of 15 mm, 7.5 mm diameter orifices and a distance between orifices of 23.5 mm. The shift between red and blue curves is due the nature of the fluid used: power density is higher at the same Rer when working with more viscous fluids. SinceRe7 is inversely propor tional to the viscosity, the characteristic velocity needs to be increased in order to obtain the same Rer when working with more viscous fluids. The power density is directly proportional to the pressure drop of the system, which increases with increasing flow velocities and viscosity due to increased friction. This observation is in agreement with the work by Gonzâlez Juârez et al., (2018). Fig. 8 shows that for the same fluid and system, power density as predicted by the mode) is independent of Ren,r only for relatively high Re7. For a specific fluid type and corresponding relatively low Rer, plotting QSM as a function of Rer results in the prediction of different power densities depending on Ren,r·Jimeno et al. (2018) state that their revised quasi steady flow mode) is valid in both OBRs (batch) and COBRs, claiming that the contribution of the net flow to the power dissipation is negligible when operating with velocity ratios between 6 and 150. However, the current results do not always corroborate this. Fig. 7 shows the effect of the veloàty ratio and the oscillatory Reynolds number on the power density. Whilst the data are scant, it appears that as the oscillatory Reynolds number increases, the impact of the velocity ratio on power density decreases. Indeed, for Re0 96 power den sity decreases by 12% when the veloàty ratio increases from 4 to 16, whilst for Re0 24 it decreases by 71 % when the velocity ratio increases from 1 to 4. However, it is also easily seen at a fixed velocity ratio, e.g. 'V= 4, the higher oscilla tory Reynolds number results in significantly higher power density. Identifying a velocity ratio whereby the contribution of net flow to power dissipation is negligible does therefore not seem to be straightforward since it also depends on the osàllatory flow. As a result, the limits of valid ity of the revised QSM (where the contribution of the net flow to power density can be assumed negligible) remain unclear. ,, . I .', II I I I I.E+o5 s function of Rer, 
100.0 ♦ CFD/ Rc0" = 6- CFD/ Re0" = 27 x CFD/Re0 .. =71 (Jimenoetal.(2018)] D CFD/ Rc0" = 141 [Jimcno cl al. (2018)) 10.0 ······ Rcviscd QSM Eq. (8) f Re,.,, = 6 ---Revised QSM Eq. (8) /Re,.,, = 27 - · Revised QSM Eq. (8) / Re,.� = 71- -Revised QSM Eq. (8) / Re,,., = 1411.0 -Eq. (27) • (28) 0.1 I.E-01 I.E+O0 I.E+0I I.E+02 Rer I.E+03 I.E+04 )( I.E+05 
Fig. 9. Dimensionless power density as a function of Rer. Although previous studies in the literature have tried to carre 
lated power density with the oscillatory Reynolds number ( e.g. 
Gonzâlez Juârez et al., 2018; Jimeno et al., 2018), for chemical 
engineering design, it is more useful to plot a dimensionless form 
of the dissipated mechanical energy as a function of Reynolds 
number such that the effect of fluid properties are eliminated; 
the resulting plot depends on system geometry only. Sorne corn 
mon examples are the friction factor for the flow in pipes or the 
power number in stirred tanks. One common feature of these 
charts is that for a specific geometry, the dimensionless number 
representing energy dissipation is constant in fully developed tur 
bulent flow, whilst it is inversely proportional to Reynolds number 
in laminar flow. In a similar manner, one can define a dimension 
less power density (P/V)' as: 
(P/V)D 
(23) 
Fig. 9 presents the dimensionless power density for the NiTech• 
COBR from the current simulations and those conducted by Jimeno 
et al. (2018). The data are compared with dimensionless power 
density that has been predicted from the revised QSM. It can be 
seen that for Rer < 300, (P /V)' from the simulations is proportional 
to (Rer) 1 and for Re,-> 1000, (P/V)' is constant, as would be 
expected. From these data, the power density constants for the 
NiTech• geometry in laminar flow and in turbulent flow are found 
to be: 
(P/V)* 330/Rer for laminar flow (for a. 0.25 and lb 1.1D) 
(24) 
(P/V)* 1.92 for turbulent flow (for a. 0.22 and lb 1.6D) 
(25) 
It can also be seen that whilst the revised QSM correctly pre 
dicts the constant value of (P/V)• in fully turbulent flow, it pro 
vides an unphysical representation of power density in the 
transitional and laminar flow regimes. The QSM is hence only use 
fui for predicting power density in fully developed turbulent flow. 
However, it should be kept in mind that it may be difficult to reach 
turbulent flow in many applications either because the fluid vis 
cosity is relatively high (e.g. liquid liquid flows) or the net flow 
rates are lowered to increase residence times, therefore resulting 
in lower oscillatory velocities such that the velocity ratio is kept 
in a reasonable range. The power curve shown in Fig. 8 is therefore 
a useful design tool for predicting power density and pressure drop in the NiTech• COBR over a range of flow regimes. It is obvious that 
the development of similar curves for other COBR and baffle 
geometries would also be of significant use. 
5. Conclusions
CFD simulations have been carried out to evaluate power den 
sity in a COBR with single orifice baffles for different operating 
conditions. 
The calculation of power dissipation using the simplified 
mechanical energy balance equation is preferred over the viscous 
dissipation equation, since when using the latter method it is dif 
ficult to resolve without using extremely fine mesh near the walls 
and consequently very high computational resources. Determina 
tion of power dissipation via the mechanical energy balance 
enables an exact value to be obtained, providing that mesh inde 
pendence is demonstrated, which is the case here. 
Comparison of computed power dissipation with that predicted 
by empirical quasi steady flow models found in the literature 
shows that these models are still not able to correctly predict the 
values for ail operating conditions and in particular when the flow 
is not fully turbulent. Indeed, when the flow is not fully turbulent, 
the QSM provides an unphysical representation of power density. 
The operating conditions used to define the limits of validity of 
the QSM therefore appear to be more complex than merely high/ 
low frequencies and amplitudes, and the veloàty ratio. Re0 and 
Rener and the resulting flow regime play a very important role. By 
plotting dimensionless power density as a function of Reynolds 
number based on the sum of both the oscillatory and net flow 
veloàties, Rer, it has been demonstrated that dimensionless power 
dissipation is inversely proportional to Re7 in laminar flow and 
constant in turbulent flow, as is the case for flow in pipes and stir 
red tanks. 
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